A B S T R A C T To gain insight into a possible role for antibody-dependent cell-mediated cytotoxicity in vivo, we examined the ability of leukocytes from 28 patients with primary immunodeficiency and from 20 normal controls to lyse three different types of antibody-coated targets in vitro. Mean cytotoxic indices ± 1 SD elicited by unfractionated mononuclear cells from normal controls were 28.74±13.26 for human HLA antibody-coated lymphocyte targets, 42.79±8.27 for rabbit IgG antibody-coated chicken erythrocyte targets, and 47.58±10.34 for human anti-CD (Ripley)-coated O+ erythrocyte targets. Significantly (P = <0.05) lower than normal mean cytotoxic indices against lymphocyte targets were seen with effector cells from 10 patients with X-linked agammaglobulinemia (3.7±4.33), in 10 with common variable agammaglobulinemia (16.05±7.74), in 3 with immunodeficiency with hyper IgM (18.41±4.88), and in 2 with severe combined immunodeficiency (3.94±0.3). Antibody-dependent cytotoxicity against chicken erythrocytes was significantly (P = <0.05) lower than normal only in the common variable agammaglobulinemic group (33.33±12.3) and against human erythrocytes only in the common variable (34.36±9.59) and hyper IgM (27.54±0.66) groups. Rosette and anti-F(ab')2 depletion studies with normal leukocytes indicated that a nonadherent, nonphagocytic, non-Ig-bearing, non-C receptor-bearing, Fc receptor-bearing lymphocyte was the only effector capable of lysing HLA antibody-coated lymphocyte targets.
INTRODUCTION
Antibody-dependent cell-mediated cytotoxicity is defined as the lysis of IgG antibody-coated target cells by nonimmune leukocytes bearing membrane receptors for the Fc portion of IgG (1) . Although there is evidence that the reaction can be enhanced by the presence of C3b on the target cells (2) , this phenomenon can occur in the absence of complement (3) . A variety of leukocytes bear receptors for the Fc portion of IgG, including B (4), K (4, 5) , and T (6) lymphocytes, monocytes (7) , and polymorphonuclear cells (8) ; several of these also have membrane receptors for C3b, namely bone marrow-derived (B) lymphocytes (9) , monocytes (9) , and polymorphonuclear cells (8) . Considerable controversy exists over the capability of these various cell types to serve as effectors in antibody-dependent cellular cytotoxicity. Recent studies suggest that effector cells are different for different types of targets (10, 11) .
The role of antibody-dependent cell-mediated cytotoxicity in vivo is uncertain, but it is thought to be of possible importance in graft (12) and tumor (13) rejection, in certain autoimmune reactions (14) , and in hemolytic disease of the newborn (15) . There is little or no information as to its role in host defense, and conflicting results have been reported regarding the capacity of leukocytes from patients with immunodeficiency diseases to serve as effectors in this type of cell lysis (16) (17) (18) .
In the studies reported here, we attempted to gain further information on the possible role of antibody-
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METHODS
Patient population. This consisted of 28 patients with well-defined primary immunodeficiency (19) , including 10 with X-linked agammaglobulinemia, 10 with common variable or B-lymphocyte agammaglobulinemia, 3 with X-linked immunodeficiency with hyper IgM, 2 with partial DiGeorge syndrome, 2 with severe combined immunodeficiency disease, and 1 with chronic mucocutaneous candidiasis. The clinical, immunologic, and lymphocyte membrane and functional characteristics of many of these patients have been reported (20, 21) ; similar criteria were used to define those not described previously. Normal controls consisted of 20 healthy adults.
Isolation of mononuclear cells. Lymphocytes and monocytes were separated from heparinized venous blood by a modification of the method of Boyum (22) . The blood was diluted fourfold in 0.95% sodium chloride, underlayered with 10 ml of Ficoll-Hypaque, having a specific gravity of 1.078, in 50-ml sterile conical plastic centrifuge tubes (Corning Glass Works, Science Products Div., Corning, N. Y.), and centrifuged for 30 min at 400 g at room temperature. The cells recovered at the interface represented greater than 80% of the mononuclear cells in the whole blood and consisted of lymphocytes predominantly, with 4-29% monocytes and less than 1% granulocytes.
Identification of lymphocyte subpopulations. Fc receptor-bearing cells were detected by their ability to form rosettes with human erythrocytes sensitized with either human IgG antibodies derived from Ripley anti-CD serum or rabbit IgG antibodies to human type A erythrocytes. Unless otherwise indicated, Ripley-coated cells were used throughout the study as the antibody-coated erythrocyte indicator, but rabbit IgG-coated human type A erythrocytes were used for this purpose in rosette-depletion studies. 1 vol of packed human 0+ erythrocytes in 8 vol of saline was incubated at 37°C for 2 h with 1 vol of Ripley serum, washed four times, and then adjusted to 0.5% with phosphatebuffered saline containing 2% fetal calf serum. Rabbit IgGcoated cells were prepared by mixing equal volumes of a 2.5% suspension of human type A erythrocytes and a subagglutinating dilution of rabbit IgG anti-A antibody, incubating them for 30 min at 370C, washing them four times, and then resuspending them to 0.5% with phosphate-buffered saline containing 2% fetal calf serum.
Lymphocytes with receptors for complement, those with surface IgM and (or) IgD, and those forming spontaneous rosettes with sheep erythrocytes were identified and enumerated as described previously (20) . In addition, neuraminidase-treated sheep erythrocytes were employed to detect thymus-derived (T) lymphocytes and were prepared as follows: 2 Al of neuraminidase (Behring Diagnostics, American Hoechst Corp., Somerville, N. J.) was added to 1 ml of a 1% sheep erythrocyte suspension in 4 mM bicarbonatebuffered saline containing 3 mM CaCl,/liter and incubated for 20 min at 37°C. The cells were then washed twice and adjusted to 0.5% for the rosetting studies.
After the above reagents were prepared, they were each mixed with an equal volume (2 drops) of various mononuclear cell suspensions ranging in concentration from 2 to 4 x 106/ml in the wells of round-bottom microtiter plates and centrifuged for 6 min at 800 rpm at room temperature. Rosettes formed with erythrocytes coated with antibody or antibody plus complement were read in 0-6 h and sheep erythrocyte rosettes in 1-6 h (20) . All studies were done in triplicate, and at least 400 cells were counted per well. Identification and elimination of monocytes. Monocytes were identified by staining for myeloperoxidase activity, using the method of Kaplow (23) , and by their ability to ingest latex particles (24) . For the latex ingestion studies, 10-20 x 106 mononuclear cells in 1 ml of phosphate-buffered saline containing 20% fetal calf serum were incubated with 10 ,ul of latex particles (size 0.3 gm, Dow Chemical Co., Midland, Mich.) for 20 min at 37°C on a rotating tumbler.
To eliminate monocytes, heparinized blood was either dripped undiluted through a nylon column (0.7 g of nylon fiber packed in a 6-in Pasteur pipette) at a rate of approximately 1 drop/s or diluted to contain approximately 3 x 106 leukocytes/ml and incubated with carbonyl iron at a concentration of 4 mg/ml at 37°C for 20-30 min on a rotating tumbler. After a few minutes were allowed to elapse for sedimentation of the carbonyl iron, the blood was then layered on Ficoll-Hypaque and the iron-laden monocytes were separated by centrifugation.
Depletion of rosette-forming cells by gradient centrifugation. Rosettes of the various types were prepared as described above, except that equal volumes of mononuclear cells (2-4 x 106/ml) and 1% suspensions of the various types of erythrocytes were mixed in 15-or 50-ml centrifuge tubes and then subjected to Ficoll-Hypaque gradient centrifugation. Lymphocytes were removed from the interface and washed. The sheep erythrocyte rosette pellets were incubated with rabbit anti-sheep erythrocyte hemolysin (Difco Laboratories, Detroit, Mich.) and fresh normal human serum as a source of complement to lyse the red cells; rabbit IgG-coated human A cell rosette pellets were incubated with pony antirabbit IgG and human complement at 37°C for '/2 h to lyse the erythrocytes.
Removal of immunoglobulin-bearing cells by anti-F(ab'), column depletion. This procedure was performed according to the method of Chess et al. (25) with rabbit anti-F(ab')2 antibody.
Targets for antibody-dependent cell-mediated cytotoxicity. For these studies, three different types of targets were labeled with Na2Cr5"04. The first of these was HLA antibodycoated normal human lymphocytes. Platelets and adherent cells were removed from 10 ml of heparinized blood by passing the blood through a nylon column as described above; the lymphocytes were then obtained by FicollHypaque gradient centrifugation and treated with 2 ml of Tris-NH4Cl to lyse any remaining erythrocytes. A suspension of 6-8 x 106 lymphocytes in 0.5 ml of RPMI 1640 media containing 20% fetal calf serum was labeled with 100 ACi of Na2Cr5"04 at 37°C for 2 h in a humidified 5% CO2 atmosphere with frequent shaking. After being washed four times, the cells were adjusted to a concentration of 1 x 106/ ml in RPMI 1640 containing 20% fetal calf serum.
The second type of target was rabbit IgG antibody-coated chicken erythrocytes. To prepare the labeled cells, a suspension of 20 x 106 fresh, thrice-washed chicken erythrocytes in 0.5 ml of RPMI 1640 containing 20% fetal calf serum was labeled with 100 dxCi Na2Cr5"04 at 37°C for 1 h with frequent shaking. The cells were then washed four times and adjusted to 5 x 106/ml.
The final type of target was IgG-coated human erythrocytes.
Fresh type 0 Rh+ erythrocytes were washed three times and labeled with 100 ACi of Na2Cr5'O4 in the same manner as for chicken erythrocytes. One-half of the labeled erythrocyte suspension was sensitized with Ripley anti-CD IgG antibody, as described for preparing the rosette indicator; the cells were then washed and adjusted to 5 x 106/ml. The other half of the suspension served as the non-antibody-coated control target.
For all targets, the last washes were done just before use in the cytotoxicity assays.
Antibody-dependent cell-mediated cytotoxicity assay. The general features of the assay were modified from Trinchieri et al. (26) . When lymphocytes were used as targets, 10 al of either an optimally diluted heat-inactivated human anti-HLA antiserum or RPMI 1640 containing 20% fetal calf serum were put together with 10 ,lp of the 5'Cr-labeled cell suspension containing 104 lymphocytes into each of the triplicate wells of a round-bottom microtiter (Linbro) plate. The HLA specificities of the targets were always selected to be different from the specificities of the effector cells. When chicken erythrocytes were used as targets, 10 ,ul of heat-inactivated rabbit anti-chicken erythrocyte antiserum or medium was added to 10 ,ul of the 51Cr-labeled cell suspension containing 5 x 104 erythrocytes in each of triplicate wells. The mixtures were incubated for 30 min at 4°C. For human erythrocyte targets, 5 x 104 Ripley sensitized or unsensitized 5'Cr-labeled erythrocytes were added to the wells with no incubation. Effector cells were then added to the various wells in 100-,ul aliquots, each containing 106 cells. Thus, the effector to target cell ratios were 1:100 for the lymphocyte targets and 1:20 for the two erythrocyte targets. These ratios were found to be optimal in preliminary studies with normal control leukocytes. Control wells for all experiments, again in triplicate, included those without effector cells and those without antiserum. The plates were incubated for 4 h at 37°C in a humidified 5% CO2 atmosphere; then 30 ,ul of phosphate-buffered saline were added to each well. The plates were then centrifuged at 400 g at 4°C for 10 min. Supernatant radioactivity was then determined after carefully removing 50 ,ul from the side of each well with an Eppendorf pipette and disposable tip (Brinkmann Instruments, Inc., Westbury, N. Y.) and counting the aliquots in a gamma spectrometer (Beckman Instruments Inc., Fullerton, Calif.). The counts per minute for each well were multipled by 3 to obtain total release. The mean counts per minute, standard deviation, and standard error were determined for each triplicate set and the percentage of specifically released 5'Cr was calculated as follows: Experimental release -spontaneous release Total releasable cpm -spontaneous release = Cytotoxic Index Only cytotoxic indices of 10% or greater were considered positive.
RESULTS
Antibody-dependent cytotoxicity by normal unfractionated mononuclear cells. The mean cytotoxic indices obtained when normal non-monocyte-depleted Ficoll-Hypaque-purified mononuclear cells were Antibody-Dependent Cellular Cytotoxicity in Immunodeficiency tested against the three different types of target cells are presented in Table I and shown in Fig. 1 . When normal rabbit or human sera were used instead of the various target-specific antisera, no significant 51Cr release was observed. The coefficients of variation for day-to-day variability in the cytotoxic indices for the three types of targets, as determined using a single donor's effector cells on 14, 6, and 8 days against lymphocyte, chicken erythrocyte, and human erythrocyte targets, respectively, were 22.2, 21, and 31.5%. Antibody-dependent cytotoxicity by mononuclear cellsfrom immunodeficient patients. When antibodydependent cytotoxicity was examined in 10 patients with X-linked agammaglobulinemia and in 10 with common variable agammaglobulinemia, unfractionated mononuclear cells from both patient groups lysed the two erythrocyte targets to a significant degree (Table  I and Fig. 1 ). In contrast, mononuclear cells from the X-linked agammaglobulinemics did not cause significant 51Cr release from HLA antibody-coated lymphocytes, whereas cells from patients with the common variable form did. It should be noted that cells from a number of individual common variable agammaglobulinemic patients had normal cytotoxic activity against all three types of targets, whereas only one of the X-linked patients had a cytotoxic index (11.28) greater than 10% against lymphocyte targets. When the group means were compared with those from the normal subjects by Student's t test, however, the means for the common variable group were significantly (P positive cells detected in Ficoll-Hypaque-purified cells from 14 normal controls, 9 X-linked agammaglobulinemics, and 10 common variable agammaglobulinemics were 7.54+1.07, 20 .96+16.69, and 10.32 +3.26, respectively. Although the mean is higher for the X-linked agammaglobulinemic group than for the other two, the difference is not statistically significant because of the large standard deviation for that group.
Neither nylon column nor carbonyl iron treatment significantly lowered the percentage of cells rosetting with Ripley IgG-coated human erythrocytes, yet it eliminated a majority of the monocytes (Table II) . Moreover, antibody-dependent cellular cytotoxicity increased significantly (P = <0.01) against lymphocyte targets after both adherent and phagocytic cell removal and remained essentially unchanged against the two types of erythrocyte targets (Fig. 3) Effect of sheep erythrocyte rosette depletion and function of sheep erythrocyte rosette-forming cells in antibody-dependent cellular cytotoxicity. In a further effort to characterize the cytotoxic effector cells for the three types of antibody-coated targets employed in these studies, sheep erythrocyte rosettedepletion studies were performed. As shown in Fig. 4 , when monocytes were depleted from normal mononuclear cells before rosetting them with sheep erythrocytes, lymphocytes forming such rosettes did not cause significant 51Cr release from any of the three types of targets. In contrast, if sheep erythrocyte rosette-forming cells were prepared from unfractionated mononuclear cells, the pelleted cells were able to effect significant lysis of both red cell targets; such cells were shown by myeloperoxidase staining to contain significant numbers of monocytes (around 5%). In both situations, the non-rosetteforming cells were able to serve as effectors against each of the three types of targets, and this activity was often greatly enhanced in the depleted population (Fig. 4) Effect of depletion of immunoglobulin-bearing cells on antibody-dependent cellular cytotoxicity. As shown in Table III , depletion of a majority of immunoglobulin-bearing cells by passing Ficoll-Hypaque mononuclear cells over an anti-F(ab')2 column had little effect on the cytotoxic activity of the remaining cells, regardless of the type of antibody-coated target, except that it was increased for the lymphocyte target. This was true for both normal and DiGeorge cells. The depleted populations still had o2% immunoglobulinbearing cells, however, and contained from 2.3 to 11.9% monocytes and from 6.8 to 16% cells forming rosettes with Ripley IgG-coated human erythrocytes.
Effect of depletion of cells bearing the Fc receptor. In contrast to the results of all other types of depletion studies, removal of cells forming rosettes with IgG-coated erythrocytes had a profound effect on the cytotoxic activity of the remaining mononuclear cells against lymphocyte targets (Fig. 6) . Specific 51Cr release ranged only from 4.3 to 11% when nonrosette-forming cells were tested against HLA antibody-coated lymphocyte targets in four separate experiments. Cytotoxic activity was detected with these cells against both erythrocyte targets, however, but this could have been due to residual monocytes found in concentrations of 3.5 to 6% in all depleted populations tested. Cells rosetting with IgG-coated erythrocytes were able to effect lysis against all three targets, but the activity of the cells against the Although cytotoxic activity was significantly (P = <0.05) lower than normal against lymphoid targets for most of the agammaglobulinemic patients in the present study, the results appear to differentiate patients with X-linked agammaglobulinemia from those with common variable agammaglobulinemia by the more severe degree of impairment in K-cell function in the former. X-linked agammaglobulinemic patients lack immunoglobulin-bearing B lymphocytes, whereas common variable agammaglobulinemic patients usually have a normal or near normal number of such cells (20) . These observations plus the significantly higher than normal mean cytotoxic index of the two DiGeorge patients against lymphocyte targets tend to support the postulate of Blaese interest in view of current differences of opinion as to the nature of the K lymphocyte. As in the present study, Brier et al. (27) found the human lymphocyte responsible for lysis of antibody-coated lymphocyte targets in a subpopulation of nonadherent cells expressing neither the receptor for sheep erythrocytes nor surface immunoglobulin. Later work from that laboratory, however, indicated that when that population of cells was held in culture for 6 days, immunoglobulin was synthesized by the cells, suggesting that they were B-cell precursors (28) . Their additional finding that antibody-dependent cellular cytotoxicity could be abrogated by treatment of such a cell population with an anti-Ia antiserum appeared to provide further evidence for a B-cell origin of the effector lymphocyte in antibody-dependent lysis of nucleated target cells (28) . Since interaction of whole anti-Ia antibodies or la antibodies complexed with antigen with Fc receptors on K lymphocytes could have led to abrogation of antibody-dependent cytotoxicity, however, this conclusion remains open to question. In this regard, Nelson et al. (29) have recently reported that Fc receptor-bearing, surface immunoglobulin-negative lymphocytes which mediate cytotoxicity against antibody-coated Chang liver cells lack B-cell alloantigens.
The subpopulation of normal lymphocytes mediating cytotoxicity against HLA antibody-coated lymphocyte targets in this study had surface membrane characteristics identical with those of the subpopulation found to effect lysis of Chang targets by Nelson et al. (11) . The rosette-depletion studies provide strong evidence that the antibody-dependent cytotoxicity effector cell for HLA antibody-coated lymphocyte targets is an Fc receptor-bearing lymphocyte. The present study, as well as the earlier studies of Wisloff and Froland (17) (11), we found that purified E-rosetting cells are incapable of effecting cell lysis. While no purified preparations of monocytes were used in these studies, populations of mononuclear cells depleted of Ripley rosetting lymphocytes still contained up to 5% myeloperoxidase-positive cells; such suspensions were unable to effect greater than 10% 51Cr release from lymphocyte targets but still caused significant lysis of both red cell targets. Depletion of monocytes increased the cytotoxic function of the remaining cells against lymphocyte targets but not against the two erythrocyte targets, confirming that K lymphocytes can lyse all three types of targets.
The absence of cytotoxic activity against nucleated targets, despite the presence of cells which formed rosettes with Ripley IgG-coated human erythrocytes among macrophage-depleted lymphocyte populations from the patients with X-linked agammaglobulinemia and severe combined immunodeficiency in the present study (20, 21) and from patients with chronic lymphocytic leukemia evaluated by Gale et al. (34) , is evidence that the mere presence of Fc receptor-bearing lymphocytes is insufficient for antibody-dependent cellular cytotoxicity to occur. Unfortunately, the finding of severely impaired K-lymphocyte function in infants with severe combined immunodeficiency does not add much to the understanding of either the nature of the K cell, since all lymphocyte function is lacking in such patients, or of the relevance of antibodydependent cellular cytotoxicity to host defense, since this defect is invariably fatal unless corrected. The finding of an equally severe K-lymphocyte impairment in patients with X-linked agammaglobulinemia who have normal T-cell function but lack surface immunoglobulin-bearing B lymphocytes may be a clue that antibody-dependent cellular cytotoxicity does have an in vivo protective role. Patients with X-linked agammaglobulinemia have recently been shown to have a high propensity to develop persistent enterovirus meningoencephalitis, ultimately leading to death, despite adequate humoral replacement therapy (35) . This has not been observed thus far in comparably treated patients with common variable agammaglobulinemia.
